Objectives To monitor the impact of health and safety provisions and inform future preventive strategies, we investigated trends in mortality from established occupational hazards in England and Wales. Methods We analysed data from death certificates on underlying cause of death and last full-time occupation for 3 688 916 deaths among men aged 20-74 years in England and Wales during 1979 (excluding 1981 when records were incomplete). Proportional mortality ratios (PMRs), standardised for age and social class, were calculated for occupations at risk of specified hazards. Observed and expected numbers of deaths for each hazard were summed across occupations, and the differences summarised as average annual excesses. Results Excess mortality declined substantially for most hazards. For example, the annual excess of deaths from chronic bronchitis and emphysema fell from 170.7 during 1979-1990 to 36.0 in 2001-2010, and that for deaths from injury and poisoning from 237.0 to 87.5. In many cases, the improvements were associated with falling PMRs (suggesting safer working practices), but they also reflected reductions in the numbers of men employed in more hazardous jobs, and declining mortality from some diseases across the whole population. Notable exceptions to the general improvement were diseases caused by asbestos, especially in some construction trades and sinonasal cancer in woodworkers. Conclusions The highest priority for future prevention of work-related fatalities is the minority of occupational disorders for which excess mortality remains static or is increasing, in particular asbestos-related disease among certain occupations in the construction industry and sinonasal cancer in woodworkers.
INTRODUCTION
Monitoring trends in the burden of illness and injury attributable to work is an important element in the control of occupational health hazards.
1 It enables evaluation of the effectiveness of measures to reduce risk, and informs the prioritisation of future preventive strategies. The best methods for such monitoring vary according to the nature of the health outcome (eg, whether it is frequently fatal) and the confidence with which it can be ascribed to work in the individual case.
For some outcomes, the link to occupation can readily be established in the individual because they are specific to exposures in the workplace (eg, byssinosis, coal workers' pneumoconiosis), occur with very high relative risk in people who have undertaken certain jobs (eg, adenocarcinoma of the nose and nasal sinuses in furniture makers using hardwoods), or have distinctive clinical features when caused by work (eg, the temporal relationship of an injury to an occupational activity, demonstrable dermal sensitisation to an allergen encountered in the workplace). In these circumstances, the resultant burden can be assessed simply by counting attributable cases.
For other health outcomes, the relation to work is less specific, and cases that are caused by occupation are clinically indistinguishable from those that are not. For example, there are no distinctive clinical features of lung cancer that is caused by asbestos. In this situation, the attributable population burden can only be established epidemiologicallyby comparing risks in people with and without the relevant exposure. Estimates may be derived by direct assessment of attributable fractions in representative populations, or indirectly by applying estimates of relative risk from one source to data What this paper adds ▸ It has been unclear to what extent improved working conditions in Britain over recent decades have reduced the burden of serious occupational disease, and which should now be the highest priorities for prevention. ▸ Analysis of data from death certificates indicates that during 1979-2010 excess mortality from most established occupational hazards declined substantially, most likely reflecting a combined effect of reduced employment in more hazardous jobs, improved health across the population as a whole, and safer working conditions. ▸ Notable exceptions to the general improvement are diseases caused by asbestos, especially in some construction trades and sinonasal cancer in woodworkers. ▸ Asbestos-related disease in the construction industry and sinonasal cancer in woodworkers remain priorities for future prevention of work-related mortality.
collected separately on the distribution of exposures in the population of interest. National analyses of occupational mortality contribute importantly to this endeavour because they incorporate data on exposures and health outcomes for an entire population. They are particularly useful in the assessment of diseases and injuries with high fatality, but even where case fatality is lower, they may still provide helpful insights into trends over time, especially when there is little change in the proportion of cases that lead to death.
We have previously reported a national analysis of occupational mortality in England and Wales over two consecutive periods (1979-1990 and 1991-2000) , 2 and have now extended that investigation with addition of data from 2001 to 2010. Our aim was to evaluate trends across the three time periods in mortality from established occupational hazards, and the extent to which changes reflected altered levels of risk in relevant occupations as opposed to changes in the numbers at risk in those jobs, or an overall decline in mortality across all occupations (eg, because of improved medical care). Of particular interest was whether previously persistent excess mortality attributable to asbestos and wood dust 2 had now started to fall.
METHODS
The analysis used data supplied by the Office for National Statistics (ONS) ( previously the Office of Population Censuses and Surveys (OPCS)) on all deaths among men aged 20-74 years in England and Wales during 1979-2010 (but excluding 1981 when records were incomplete). Information from death certificates on age at death, underlying cause of death and last full-time occupation was used to derive proportional mortality ratios (PMRs) with associated 95% CIs for combinations of occupation and cause of death, the expected numbers being calculated with stratification by 5-year age band and social class (determined from the last full-time occupation and classified to seven levels), taking all occupations combined as the standard. For this purpose, occupations were assigned to 'job groups' in a classification similar to that which had been used in our earlier analysis. 2 However, the coding schemes that were employed by ONS and OPCS had changed over time, and a few occupational categories that were distinguished from each other in one period were merged in another. To achieve compatibility across all periods, analyses for these occupations were based on the merged grouping, and for the period(s) in which the finer classification had been used, observed and expected numbers of deaths were derived separately for the subcategories and then summed to give combined values for the merged job group. Online supplementary table S1 sets out the definitions of the job groups analysed, according to the coding schemes that were applied in each period.
Similarly, cause of death categories were mostly as had been analysed previously, 2 but with a few adjustments because of changes between the 9th and 10th revisions of the International Classification of Diseases (ICD-9 and ICD-10; see online  supplementary table S2) . Again, where for consistency it was necessary to merge cause of death categories that had not been distinguished in all time periods, observed and expected numbers of deaths were derived separately for each subcategory and then aggregated to give values for the merged grouping. One important category in ICD-10, mesothelioma unspecified, had been included in ICD-9 with all unspecified neoplasms (which were much more numerous), and therefore could not be considered in our analysis of trends.
For each cause of death that was considered an established occupational hazard, we listed those job groups in which excess mortality might plausibly be expected-for example, cancer of the pleura in carpenters and joiners (as a consequence of exposure to asbestos), railway accidents in rail construction and maintenance workers. We started with the hazards and the job groups that had been classed as at risk in our previous analysis, 2 and reviewed the observed and expected numbers of deaths for those combinations of cause of death and job group during each of the three periods, 1979-1990, 1991-2000 and 2001-2010 , and overall. For injury and poisoning (fatality from which is likely to be acute) and pneumonia in occupations exposed to metal fume (for which the excess risk resolves following cessation of exposure), we considered only deaths at normal working ages (20-64 years). For other hazards, we included deaths at 20-74 years. A few of the combinations of hazard and job group were excluded from further analysis because changes in classification meant that they could not be examined meaningfully, or there was no excess mortality in any of the three periods of study (see online supplementary table S3).
For each hazard and time period, we summed the observed and expected numbers of deaths across the job groups designated as being at risk, and divided the difference between the total observed and expected numbers by the length of the observation period to derive an estimate of annual excess mortality in the relevant period. To avoid bias, we applied this approach even where, in a particular job group and time period, the number of deaths observed was fewer than the number expected (ie, the excess was negative). For diseases that could occur only as a consequence of occupational exposures (eg, pneumoconiosis, farmers' lung disease), we counted also the deaths in occupations that were not designated as being at risk, and included them in our estimate of excess mortality. Where a major excess of deaths was observed for a hazard, we noted the main job groups that contributed, and where there was a substantial change in excess mortality over the duration of the study, we checked to which job groups it applied, and whether it was driven more by changes in their PMRs, in the numbers of men at risk (indicated by the number of deaths from all causes in the job groups concerned), or in mortality from that cause across all occupations.
As in our previous analysis, 2 we did not attempt to evaluate trends in excess mortality from lung cancer that might be attributable to work. This was because of the major potential for confounding by smoking, the prevalence of which was expected to vary importantly between job groups and over time. Nor did we examine mortality from coronary heart disease since although it has been linked with both shift work 3 and occupational stress, 4 there were no job groups in which an excess of deaths could confidently be ascribed to such exposures.
RESULTS
The analysis was based on a total of 3 688 916 deaths, of which 1 564 981 occurred during [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] Table 2 lists the job groups that were considered a priori to be at risk of one or more of the identified occupational hazards, and gives the total number of deaths in each job group by time period. In most job groups, the number of deaths declined over the period of study, the fall being most marked in traditional manufacturing occupations, and in rail travel assistants and dockers. There was, however, a notable increase in deaths in professional athletes and sports officials. A reduction in deaths among electrical, energy, boiler operatives and attendants was largely offset by an increase for other transport, plant and machine operatives. Table 3 summarises the trends in excess mortality from diseases caused by occupational exposure to dusts and fumes (here and in tables 4 and 5, some of the results for 1979-1990 and 1991-2000 differ slightly from those in our earlier paper 2 because of the aggregation of job groups that was necessary to achieve compatibility across the three time periods, and because in this study, deficits of observed vs expected deaths were counted as negative numbers rather than 0). The overall excess of deaths declined from an annual average of 414.8 during 1979-1990 to 272.6 in 1991-2000. The new category of deaths from mesothelioma at unspecified sites, which was distinguished only during 2001-2010, accounted for 135.9 excess deaths per year. In the same period, total excess mortality from the other causes of death showed a further decrease to 312.8-135.9=176.9 deaths per year.
The main contributors to the progressive decline in excess mortality were chronic bronchitis and emphysema, and coal workers' pneumoconiosis, for which the annual excesses of deaths fell from 170.7 to 36.0 and 85.6 to 21.0, respectively. These reductions were driven largely by the fall in the population of coal miners, as evidenced by a decrease in all-cause mortality from 47 249 deaths during 1979-1990 to 14 208 in 2001-2010 (table 2) . However, as illustrated in online supplementary table S4, which shows a detailed breakdown of excess mortality for individual job groups, there was in addition, a small decrease in the PMR for chronic bronchitis and emphysema in coal miners from 144 to 128. For silicosis, farmers' lung disease and pneumonia, the decrease in excess mortality was also beyond that which could be explained by a fall in the numbers at risk. The lowering in excess occupational mortality from tuberculosis and asthma coincided with falls in the annual numbers of deaths from those diseases across all occupations by 66% and 68%, respectively (table 1), but there was also a reduction in the PMRs of the job group at highest risk of tuberculosis -mine (excluding coal) and quarry workers-from 431 to 172.
In contrast to the improving picture for most diseases caused by dusts and fumes, excess mortality from sinonasal cancer and from diseases caused by asbestos remained fairly constant, or in the case of asbestosis, increased. The main job groups contributing to the rise in mortality from asbestosis were carpenters and joiners (18.9 excess deaths in 2001-2010 vs 3.8 in 1979-1991), plumbers (23.1 vs 9.8) and platers (13.4 vs 1.9; see online supplementary table S4). Mesothelioma at unspecified sites was only distinguished as a separate diagnostic category in ICD-10, but PMRs for the asbestos-exposed occupations during 2001-2010 correlated closely with those for cancer of the pleura (correlation coefficient 0.81, see online supplementary figure S1).
Over the entire study period, the calculated excess mortality among occupations designated as being at risk accounted for 88% of the 1650 deaths from coal workers' pneumoconiosis, 58% of 1019 deaths from asbestosis, 65% of 252 deaths from silicosis, 85% of 117 deaths from farmers' lung disease, and 52% of 9146 deaths from cancers of the peritoneum and pleura combined (see online supplementary table S4).
Trends in excess mortality from other diseases caused by work are summarised in table 4. Reductions in excess deaths were observed for non-melanoma skin cancer in occupations particularly exposed to sunlight, and for cancer of the scrotum in those with exposure to mineral oils, while for viral hepatitis in doctors and urothelial cancer in chemical workers, excess mortality was small with no clear trends across the study period (see online supplementary table S5). Publicans and bar staff (in the UK, publicans own or manage 'public houses' that are licensed to sell alcoholic drinks for consumption on the premises) experienced consistently elevated mortality from diseases caused by alcohol, but their annual excess of deaths from cirrhosis and pancreatitis declined over time, whereas that from cancers of the pharynx and liver increased (see table 4 and  online supplementary table S5 ). There was a parallel rise in deaths from cancer of the liver in all occupations combined, but total mortality from cirrhosis and pancreatitis showed no overall decline across the study period (table 1) . Table 5 and online supplementary table S6 summarise 
DISCUSSION
Our findings indicate that over recent decades, there has been a large and continuing fall in mortality from most of the occupational hazards considered. In many cases, this appears to have come about through improved safety, but it also reflects reductions in the numbers of men employed in more hazardous jobs such as coal mining, and falling mortality from some diseases across the whole population. Notable exceptions to the general improvement are diseases caused by asbestos, especially in some construction trades, sinonasal cancer in woodworkers, and injuries by animals and plants in farmworkers, for which there was still no clear decline in excess mortality. As in our previous report, 2 we limited our analysis of trends to men. This was because in the early part of the study period, most women who died at age 20-74 years had spent only limited time in paid work, and during 1979-1990, only 30% had occupations recorded on their death certificates. 5 Furthermore, with a few notable exceptions (eg, production of asbestos textiles 6 ), the jobs in which they have been employed were not those in which excess mortality could confidently be attributed to occupational hazards. We plan to report on occupational mortality among women during 2001-2010 in a separate paper.
Our analysis had the advantage of covering all deaths nationally among men of working age over a prolonged period, which allowed trends to be evaluated with maximal statistical confidence. Against this, however, must be set a number of methodological limitations, which relate principally to the accuracy with which causes of death and occupational exposures could be determined, and the potential for confounding by nonoccupational factors.
Cause of death was ascertained from death certificates, a source that is known not always to be accurate. 7 Fewer errors might be expected for established occupational diseases such as pneumoconiosis, and for injury and poisoning, all of which are classed as unnatural causes of death and therefore are subject to more detailed investigation. However, diagnostic errors may have had a greater impact on, for example, cancer of the liver, which can be difficult to distinguish from hepatic metastasis of malignancies arising in other tissues. In general, misclassification of causes of death is likely to have been non-differential with respect to job group, biasing PMRs towards the null.
A further problem in assessing causes of death was the lack of specificity of some ICD categories. This applied particularly to mesothelioma at unspecified sites, which in ICD-9 was classed along with other cancers of unknown origin that were much more numerous. Analysis of data from 2001 to 2010, when ICD-10 was used, indicated that PMRs from unspecified mesothelioma correlated closely with those for pleural cancer (see online supplementary figure S1), and that excess numbers of deaths were some 2.5 times higher (see online supplementary table S4).
Incomplete diagnostic specificity was also a problem for deaths caused by injury and poisoning, the detailed circumstances of which were unknown. As a consequence, attribution to work could only be made with reasonable confidence when the category of injury was likely to be a particular hazard in a job group. Other injuries resulting from work will have been missed, and this explains why the annual excess deaths are substantially lower than the incidence of fatal occupational injuries assessed from closer investigation of individual cases. During 2001-2010, the UK Health and Safety Executive (HSE) recorded in excess of 200 fatal injuries per year to workers. 8 Our estimate of 87.8 was limited to men, but unlike the HSE statistics, it included deaths from road traffic accidents and in the armed forces.
Data on occupation were also derived from death certificates, and again will not have been completely accurate. 9 Analysis of proportional mortality avoided the biases that can occur when different sources of occupational information are used for the numerator and denominator of death rates, but at the expense of possible bias if mortality in a job group from all causes combined was unusually low or high. In addition, as with causes of death, some occupational categories lacked desirable specificity. For example, because of changes in occupational classification, stone masons (who can have high exposures to silica) were grouped with bricklayers. The resultant 'dilution' will have led to lower PMRs, although it should not have biased estimates of excess numbers of deaths.
More important was the potential to miss long-term effects of hazardous exposures where men had changed employment and the last full-time occupation as recorded on the death certificate was not that in which the relevant exposure occurred. For example, as they approach retirement, some manual workers may move to jobs that are less physically demanding, and others may have changed their employment as some of the more hazardous industries contracted. Some indication of magnitude of this underascertainment can be gleaned from the findings for disease that are specific to occupational exposures. For example, coal mining occupations were reported for only 88% of deaths from coal workers' pneumoconiosis, and only 65% of deaths from silicosis occurred in men whose last occupation was classed as potentially exposed to silica. For mesothelioma, which can develop as a consequence of relatively short exposures to asbestos many years in the past, the underascertainment because of changes in employment may have been even greater. Over the full study period, excess mortality in the occupations designated as being at risk accounted for only 52% of all deaths from cancers of the peritoneum and pleura, whereas the true attributable fraction is likely to have been closer to 85%. 10 Confounding by non-occupational factors will have been reduced by the adjustment of expected numbers of deaths for social class. However, it remains a potential problem for diseases caused by smoking, the prevalence of which can vary importantly between occupations, even within the same social class. The relative risk from smoking, and therefore the scope for confounding, is particularly high for lung cancer, and trends in occupational lung cancer, which require more complex assessment, will be considered in a separate report. Confounding may also have caused us to overestimate the burden of alcoholrelated diseases attributable to work in bars. Some of the diseases (notably cancers of the oral cavity, pharynx and larynx) are also caused by smoking, which may be more prevalent in bar workers. Furthermore, while ready access to alcohol poses an important hazard in such employment, there may also be a tendency for heavy drinkers to take on jobs in bars selectively.
Overall, the effect of the various limitations discussed will have been a net underascertainment of the burden of mortality attributable to occupation. However, we think it unlikely that many of the estimates for occupational diseases will have been out by a factor of >3. Bearing in mind this scope for error, the estimates for sinonasal cancer in workers exposed to wood and leather dust can be compared with those derived by Slack et al 11 using different methodology. Applying risk estimates derived from published studies to estimates of the proportion of the national population ever exposed, they calculated population attributable fractions for mortality from sinonasal cancer in men during 2005 of 0.1533 (95% CI 0.0594 to 0.2912) for wood dust and 0.0668 (95% CI 0.0328 to 0.1231) for leather dust. If applied to the average annual number of deaths from sinonasal cancer among men aged 20-74 during 2001-2010, which was 40 (see table 1), these figures give annual excess numbers of deaths of 6.1 (95% CI 2.4 to 11.6) for wood dust and 2.7 (95% CI 1.3 to 4.8) for leather dust. In comparison, we estimated annual excesses of 1.9 deaths for all woodworkers combined, and 0 for leather workers. Moreover, across all of 1979-2010, the annual excess of deaths in leather workers was less than 0.1. If extrapolated to this period, the lower 95% confidence limit of Slack's estimate would correspond to a cumulative excess of 1.3×31=40.3 deaths, whereas we observed only 8 deaths in total with 5.1 expected (see online supplementary table S4). While the two estimates for wood dust might be compatible, those for leather dust are not, and call into question the accuracy of the figure calculated by Slack.
While the inevitable shortcomings of our method are a source of uncertainty when estimating the absolute burden of mortality caused by work, the resultant biases are unlikely to have varied much over the 32-year period of study. Thus, we can be fairly confident that overall, excess mortality from the occupational hazards examined declined substantially in England and Wales between 1979 and 2010. For deaths from injury and poisoning, this conclusion is supported by other data collected independently. 8 For some hazards, the fall in mortality has been a consequence of changing patterns of employment or a general reduction in mortality across all occupations. However, there is strong evidence also of improvements in safety.
The highest priority for future prevention of work-related fatalities is the minority of occupational disorders for which excess mortality remains static or is increasing. The continuing burden of disease caused by asbestos has been noted before, 2 and patterns of risk by birth cohort, including for asbestosis, suggest that reductions in exposure to asbestos since the 1970s have brought benefits. 12 However, there is still more to be achieved, with a special focus needed on certain trades in the construction industry. A useful starting point in planning further action might be to analyse patterns of incidence or mortality by birth cohort separately for relevant occupations. An absence of decline in recent birth cohorts would be a particular cause for concern. Also a priority is the persistent excess of sinonasal cancer in woodworkers. This was highlighted in our previous report, and data for the most recent 10-year period again show no improvement. It is a well-established hazard, and should be manageable through controls on exposure to hardwood dust, particularly in the furniture industry.
